Anhydrobiosis: The Model Worm as a Model?
Some organisms have the remarkable ability to lose all the water from their bodies and enter into an ametabolic state of anhydrobiosis -i.e. life without water. The ability to survive anhydrobiotically is found amongst a range of prokaryotic and eukaryotic organisms [1, 2] . The main animal models for the study of anhydrobiosis have been the nematodes Aphelenchus avenae and Ditylenchus dipsaci [3, 4] , various species of tardigrades and rotifers [5, 6] , embryos of Artemia salina [2] and the 'sleeping chironomid', Polypedilum vanderplanki [7] , the latter being the largest and most complex animal known to survive anhydrobiotically.
Model organisms are those that are widely studied and that are convenient to keep in the laboratory [8] . Prominent amongst these has been a nematode, Caenorhabditis elegans, the first animal to have its genome sequenced [9] . Although molecular techniques are now being applied to the study of a variety of anhydrobiotic organisms [3, 5] , the vast amount of information available on C. elegans, and the techniques developed for its study, could be applied to the study of anhydrobiosis if this nematode could be induced to enter anhydrobiosis. In this issue of Current Biology, Erkut et al. [10] report just that -at least in the dauer larval stage.
Overcrowding, starvation or high temperature triggers an alternative developmental pathway in C. elegans ( Figure 1 ) that results in the formation of a dauer larva rather than a normal 3 rd stage larva (L3). The dauer larva is developmentally arrested and more resistant to stress than a normal L3 [11] . The natural habitat of C. elegans is thought to be rotting fruits [12] , an ephemeral habitat that is soon exhausted. In a phoretic relationship, dauer larvae may be transported on the cuticle of insects, and other terrestrial arthropods, to fresh habitat [9, 13] . During this process the dauer larva is likely to be exposed to desiccation so we may expect them to have some degree of desiccation tolerance.
Erkut et al. [10] have shown that the dauer larva of C. elegans is the only stage in its life cycle that can survive exposure to a mild desiccation stress, i.e. exposure to 98% relative humidity (RH). Using the dauer-constitutive mutants daf-2 and daf-7, which form dauer larvae at 25 C, these authors have shown that dauer larvae can survive more extreme desiccation if they are first desiccated at a high RH. This preconditioning effect is widespread amongst anhydrobiotic nematodes that rely upon their environment to produce the slow rate of water loss that is necessary for survival ('external dehydration strategists' [14] ) and suggests that changes occur in these nematodes that allow them to survive under conditions of more extreme desiccation.
An increase in the concentration of the disaccharide trehalose has long been associated with anhydrobiosis [15] , and Erkut et al. [10] show that an increase in trehalose concentration during preconditioning (exposure to 98% RH) also occurs in C. elegans dauers. Double-deletion mutants (daf-2; DDtps) lacking genes for two enzymes involved in trehalose biosynthesis (tps-1 and tps-2, both coding for trehalose 6-phosphate synthase) have a reduced ability to survive desiccation and to respond to preconditioning [10] , suggesting that trehalose is involved in desiccation tolerance. Comparing the morphological (using light and electron microscopy) and molecular properties (using attenuated total-reflection infrared spectroscopy) of daf-2 and daf-2; DDtps mutants during desiccation and rehydration indicates that trehalose acts to preserve membrane structure during desiccation by maintaining the native state of the packing of membrane lipids [10] . This mechanism was suggested by John Crowe in his 'water replacement hypothesis' [15] , as a result of his experiments on the effects of sugars on the stability of model membrane systems. These results on C. elegans dauers are the first direct evidence in support of this proposal in a living organism.
Is trehalose essential for anhydrobiosis? Apparently not, since trehalose-deficient yeast mutants have similar levels of desiccation tolerance to those of the wild type [16] . Some rotifers do not produce trehalose and have no trehalose synthase genes, and yet are capable of anhydrobiosis [17] . The nematode Ditylenchus myceliophagus cannot survive complete desiccation despite producing trehalose and may require further adaptations to survive anhydrobiotically [18] . Although trehalose clearly plays a role in desiccation tolerance, it does not The C. elegans life cycle consists of the adult (hermaphrodite or, rarely, male), the egg and four larval stages (L1-L4). In response to an environmental trigger (population density, starvation, temperature), an alternative developmental pathway is initiated (mediated by DAF-7/TGF-b signalling) that leads to the formation of the more resistant dauer larva [11] .
appear to be essential for anhydrobiosis. Attention is now focusing on various 'omic' approaches to the study of anhydrobiosis [5] to explore whether there is a 'desiccome' -a set of genes associated with desiccation survival and anhydrobiosis [6] . Of particular interest is desiccation-induced protein synthesis and the role of lea (late embryogenesis abundant) genes [19] . So will C. elegans dauers prove a useful model for the study of anhydrobiosis? Undoubtedly, but with a note of caution. The desiccation survival abilities of dauer-constitutive mutants are modest with 10% survival after exposure to 0% RH, following preconditioning at 98% RH. The survival of wild-type dauers is even lower [10] . Nematodes have a range of desiccation survival abilities [14] , even within the same genus [20] : some will survive direct exposure to 0% RH with high levels of survival ('innate dehydration strategists' [14] ). Perhaps our understanding of anhydrobiosis will be advanced by comparing the biology of organisms with different abilities to survive desiccation and anhydrobiosis.
